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Abstract 
 
This study presents the design, construction and testing of an Outdoor Gas Emission 
Sampling (OGES) System capable of gas sampling and calorimetry in outdoor conditions 
with wind. In large-scale, outdoor fire tests, wind-driven emission plumes present a challenge 
in heat release rate quantification because the emission plume rises upward at an angle. A 
new gas sampling system with a flexible hood design and smaller control volume has been 
designed and tested. Bulk flow rate, oxygen, carbon dioxide, and carbon monoxide 
concentrations are measured for heat release rate calculations. Two stages of experimentation 
are described. Experiments at intermediate-scale (indoor only) that were conducted to 
evaluate the performance of a smaller control volume for measurements, and large-scale 
(indoor and outdoor) experiments, to demonstrate feasibility in realistic field conditions as 
well as the new flexible hood design.  Experiments show that the OGES system is capable of 
calculating the heat release rate of pool fires with an accuracy of 23% using oxygen 
consumption (OC) and carbon dioxide generation (CDG) methods. Further improvements of 
the OGES system for outdoor field deployment are also discussed. 
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Chapter 1: Introduction 
 
Introduction 
Heat release rate is the single most important variable in fire hazard prediction [1]. Accurate 
knowledge of heat release rate also allows estimation of efficiency, radiative losses and 
emissions such as smoke and unburned by-products, which are environmental pollutants. 
 
 
Figure 1 - Diagram of standard cone calorimeter as shown in ASTM E1354 – Standard Test 
Method for Heat and Visible Smoke Release Rates for Materials and Products Using an 
Oxygen Consumption Calorimeter 
 
There are many techniques that can be used to determine heat release rates. One of the most 
common equipments used is a cone calorimeter (Fig. 1) An industry standard cone 
calorimeter, in accordance with ASTM E1354, is often used to study ignitability and burning 
behavior of materials in bench-scale laboratory conditions [2, 3]. A cone calorimeter is 
primarily used to evaluate material characteristics such as ignitability, heat release rates, mass 
loss rate, effective heat of combustion and smoke production. The heat release measurements 
are based on oxygen consumption calorimetry [4]. The cone calorimeter apparatus consists of 
a small, rigid sampling hood where all of the products of combustion drawn into and 
analyzed. The apparatus is equipped with a gas analyzer, differential pressure probe, 
thermocouple, He-Ne Laser, and load cell. All of these instrumentations are designed to 
calculate the heat release rate of a fire. For large-scale experiments where the expected heat 
release rate is greater than 100 kW, a larger version of the cone calorimeter is used [5]. This 
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larger system often include a large hood that collects the emission from the fires, powerful 
fan and complex arrays of sensors that measure gas concentrations, duct flow, temperature.  
 
Most research on measurement of heat release of various materials [6, 7] has been performed 
to evaluate performance of materials when exposed to fires [2, 3, 8, 9]. However, these 
studies are often conducted in an indoor laboratory environment where products of 
combustion are exhausted through a hood. This allows accurate sampling of the exhaust 
plume, but also limits the size of the fire that can be tested. In many cases, larger fires are 
needed to create realistic experiments. Some fires such as in-situ burning (ISB) of crude oil 
and wildland fires occur in outdoor conditions where wind is also a factor that can affect the 
burning behavior. 
 
There is a trade-off between practicality and accuracy in fire testing. Most tests are conducted 
in laboratory environment because the environment can be controlled and the sizes of the 
tests are manageable. However, when dealing with fires such as in-situ burns and wildfires, 
testing indoor becomes unrealistic since those fires do not occur in a controlled environment. 
Testing at full-scale can present practicality issues as the method of heat release rate 
calculations that can be limited. There are different heat release rate quantification techniques 
that can be used. 
 
Heat Release Quantification Techniques 
As discussed in the previous section, quantifying the heat release rate (HRR) of a fire is 
important. There are three principle methods for obtaining the heat release rate of a fire: 
Mechanical, Thermal and Chemical methods (Fig. 2) [10]. 
 
Figure 2 – Three different methods can be used to quantify heat release of a fire 
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Mechanical Method 
 
Mechanical method measures the mass loss rate of the test specimen and calculates the HRR 
using 
 
   
!Q = !mΔHc  , (1)  
 
where 
 
!Q =  heat release rate (kW)
!m =  mass loss rate kg s−1( )
ΔHc =  Heat of Combustion kJ kg−1( )
  
 
This method can provide accurate HRR. However, this method is typically only suitable for 
small-scale fires since it can be difficult to place large test specimen on a load cell. Close 
proximity of the equipment to high heat is also a concern when using this method. 
 
Thermal Method 
 
The HRR of a fire can be obtained based on energy balance. Thermal sensors such as heat 
flux gauges and thermocouples can be used for this purpose. The data measured by these 
sensors are highly sensitive to the location in which they’re placed. In order to get accurate 
information, these sensors must be placed on all sides of the fires to collect thermal data.  
 
Figure 3  – heat flux gauges at different height measuring heat flux in turbulent flame.  
 
Since heat flux gauges depend on line-of-sight measurement, measuring the heat flux from 
large fires, which are often turbulent, can also present a problem. Turbulent flames often 
result in high fluctuations of the data because the flames can move outside of the sensor’s 
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line-of-sight as shown in Fig. 3. The top heat flux gauge sees the most fluctuation in the 30 
seconds time window shown in the figure because its line-of-sight is at the same level as the 
intermittent flame region. 
 
Chemical Method 
 
When fires become larger and the fuels become more complex, an alternative method for 
quantifying the heat release from a fire is the chemical method. This method is based on the 
relationship between the HRR and the consumption of oxidants and generation of the 
products in the combustion process (Eqn. (2)).  
 
 CxHy + x +
y
4
⎛
⎝⎜
⎞
⎠⎟O2 → xCO2 + yH2O  , (2) 
 
There are two techniques that are often used to calculate the HRR of a fire; oxygen 
consumption (OC) calorimetry and carbon dioxide generation (CDG) calorimetry [11]. 
 
Oxygen Consumption (OC) Calorimetry 
 
 
 
Figure 4 - Diagram of traditional oxygen consumption calorimetry and its control volume for 
mass conservation analysis 
 
Traditional oxygen consumption calorimetry methods such as a cone calorimeter, features 
rigid sampling hood where all of the combustion products are collected (Fig. 4). This requires 
the hood has to be larger than the emission plume. OC method needs a control volume where 
oxidant product 
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the mass flow rate of the incoming air, fuel and exhaust are all required in order to calculate 
the heat release of a fire. This method relies on the fact that in the combustion process, a 
constant amount of heat is released per unit mass of oxygen consumed [12]. By measuring 
how much oxygen is consumed in the combustion process, the amount of heat released can 
be calculated [4]. The heat release by a fire can be calculated using 
 
  
!QOC = EO2
fuel !mO2  , (3) 
where 
 
 
EO2
fuel = net heat release per unit mass of oxygen consumed (MJ kg−1)
!mO2 = oxygen mass consumption rate (kg s−1)
 
The net heat release per unit mass of oxygen can be assumed to be constant with a value of 
13.1 MJ/kg [12]. The mass flow rate of oxygen can be calculated by 
 
 
!mO2 = !me XO2
0 − XO2( )  , (4) 
where 
 
!me = exhaust mass flow rate (kg s−1)
XO2
0 = ambient mole fraction of O2 (−)
XO2 = measured mole fraction of O2 (−)
 
In many case, incomplete combustion can occur. Energy released from the oxidation reaction 
of carbon monoxide given by 
 CO + 12O2
EO2
CO
⎯ →⎯⎯ CO2  ,  (5) 
 
is introduced into Equation 2. Hess’s Law is applied and a compensation term is introduced 
to Equation 3 and becomes 
 
  
!QOC = EO2
fuel !mO2 − EO2
CO !mO2
CO  ,  (6) 
where 
 
 
EO2
CO = net heat release per unit mass of O2  for combustion of CO to CO2
           (=17.6 MJ kg−1)
!mO 2
CO =  mass rate of the O2  for the oxidation of CO produced (kg s−1)
  
   
By applying Hess’s Law, Equation 4 is further expanded and becomes 
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!QOC = EO2
fuel !mO2 − (EO2CO − EO2fuel )
MO2
2MCO
!mCO  ,  (7) 
where 
 
MO2 =  molecular weight of O2 (= 32 g mol−1)
MCO =  molecular weight of CO (= 28 g mol−1)
!mCO =  mass flow rate of CO
  
 
 
Carbon Dioxide Generation (CDG) Calorimetry 
 
In the CDG technique, the heat release from a fire is calculated from the production of CO2, 
which is the natural byproduct of combustion [13-15]. The heat release rate from CO2 
production is give by 
  
!QCDG = ECO2 ( !mCO2 − !mCO20 )  , (8)  
 
 
where 
 
 
ECO2 = net heat release per unit mass of CO2  produced (=13.3 MJ kg−1)
!mCO2
0 = initial mass flow rate of CO2  (kg s−1)
  
 
Similar to the OC method, a new term can be added to Equation 8 to compensate for 
combustion inefficiency that results in the production of CO. Equation 8 then becomes 
 
  
!QCDG = ECO2 ( !mCO2 − !mCO20 )+ ECO !mCO   , (9) 
 
where  
 
 
ECO = net heat release per unit mass of CO produced (=10.1 MJ kg−1)
!mCO = mass flow rate of CO (kg s−1)
  
 
In ASTM E2058, the standard for Fire Propagation Apparatus (FPA), CDG is the method 
used for heat release calculations [16]. CDG is selected for this application because in an 
FPA, the environment can be adjusted between oxidizing and inert. If a highly oxidizing 
environment were used, the oxygen depletion caused by the combustion process would be 
difficult to detect because there is a large amount of oxygen entering the sampling hood. 
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Therefore, by only looking at the products of combustion, the heat release calculation is not 
affected by the presence of high oxygen concentration. 
 
Taking into consideration all the advantages and disadvantages of the mechanical, thermal 
and chemical methods, the most practical way for a quantification of heat release in fires is 
the chemical methods. It is widely used in bench-scale and intermediate-scale experiments, 
and have been proven to be robust in laboratory conditions. The objectives of this study was 
based on further examination of using chemical methods to measure heat release rates of fires 
in outdoor conditions where wind is present. 
 
Objectives of this Study 
The objective of this study was the design and successful testing of a new Outdoor Gas 
Emission Sampling (OGES) System to answer the following questions within context of 
outdoor fire research 
1. Using the chemical methods previously discussed, can a system capable of gas 
sampling and calorimetry be designed to quantify the fire heat release rates in outdoor 
conditions where wind is present? 
2. Is emission plume sampling an acceptable method compared to total collection 
method that is widely used in laboratory environment? 
 
To begin answering these questions, two aspects of the traditional system need to be 
examined: the hood rigidity and measurement volume or the volume of the exhaust gas 
plume that must be sampled in order to get correct estimate of the HRR These two aspects are 
further discussed below 
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Figure 5 – Diagram of two control volumes where CV 1 is the traditional control volume 
used for OC methods and CV 2 is the new proposed control volume for emission gas 
sampling 
 
The concept shown in Fig. 5 is based on the hypothesis that there exists an area inside the 
emission plume where  
!Me / !MO2 ,CO2 ,CO = !me / !mO2 ,CO2 ,CO  is valid, which would mean that 
partial sampling of the emission plume is an acceptable method. 
 
 
Rigidity of the Hood 
 
As previously discussed, traditional method such as cone calorimeter utilizes a rigid hood. 
This rigid hood, placed above the emission plume, is appropriate for indoor laboratory but 
offers no flexibility needed for outdoor application. In outdoor conditions with wind, a rigid 
hood placed directly above the emission plume would not be able to collect the necessary 
data  because the plume travels upward at an angle (Fig. 5). 
 
Smaller Control Volume for Measurement 
 
In large-scale applications, total collection of the emission plume is not practical. As the fire 
size increases, so does the plume cross-sectional area. If a regular control volume (Fig. 4) is 
used, the size of the hood would have to be large enough to accommodate the maximum 
plume cross-sectional area. This would be highly impractical for outdoor applications where 
the plume cross-sectional area exceeds several meters (Fig. 6). 
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Figure 6 - Large outdoor oil spill in-situ burn with emission plume cross-sectional area 
exceeding several meters  
 
Considering both the rigidity of the hood and smaller control volume for measurements, this 
study examined a new flexible hood design for emission gas sampling within a smaller 
control volume where it is assumed that the measurements such as bulk mass flow, and gas 
concentrations within the plume is constant (Fig. 7). 
 
Figure 7 - sampling device placed in the emission plume where measurements obtained at 
points 1, 2, 3 and 4 are the same 
Intermediate-scale experiment was conducted to evaluate whether or not a smaller control 
volume can still provide good emission gas concentration measurements. Large-scale indoor 
experiment was conducted to evaluate the new flexible hood design. Lastly, the large-scale 
outdoor experiment was conducted to evaluate the full system prototype and its performance 
in field deployment. 
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Chapter 2:  Intermediate-scale Experiments 
 
As previously discussed in Chapter 1, combustion products sampling and analysis is common 
and practical in bench-scale experiments, therefore this study focused only on intermediate 
and large-scale experiments. In the intermediate-scale experiments, the main focus was to 
evaluate the performance of a hood that samples emission gas rather than total collection. The 
hood was designed to be smaller than the plume cross-sectional area. The gas sampling 
system capability to detect oxygen depletion, carbon dioxide and carbon monoxide was 
examined. 
 
Intermediate-scale Experiment Setup 
 
Figure 8 – diagram of intermediate-scale experiment gas sampling system  
 
A gas analyzing system was used to sample and measure the combustion products (O2, CO, 
and CO2). A sampling hood was placed directly above the 70-cm Alaska North Slope (ANS) 
crude oil pool fire (Fig. 8). The heat release rate of the pool fire was enhanced by the addition 
of Flame ReFluxer™. A total of 6 experiments were conducted in the intermediate-scale. 
Different coil configurations were used to enhance the pool fire combustion. These 
experiments were conducted at the UL Fire Protection Engineering Performance Laboratory 
at Worcester Polytechnic Institute (WPI) (Fig. 9).  
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Figure 9 - UL Fire Protection Engineering Performance Laboratory for large-scale fire 
testing 
Figure 10 shows the sampling hood, which has a smaller cross-sectional area than that of the 
emission plume from the pool fire. This is different from traditional methods where the hood 
is much larger than the emission plume to ensure that all the products of combustion are 
collected and analyzed. 
 
Figure 10 - 70-cm Alaska North Slope crude oil pool fire with a sampling hood placed 
directly above for emission gas sampling 
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Copper tubing was connected to the top of the sampling hood. A diaphragm pump (B101 
Dia-Vac® from Air Dimensions, Inc) was used to draw sample gas into the sampling line 
(Fig. 11).  
 
Figure 11 - Sampling pump connected to the sampling ring and gas analyzer 
Relief holes, shown in Fig. 12, were drilled through the top of the sampling hood in order to 
prevent smoke accumulation inside the hood, which would affect the data collected.  
 
Figure 12 - diagram of the sampling hood with relief holes to prevent smoke accumulation 
inside of the hood 
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 After the sample gas entered the tubing, it then passed through a cold-trap in order to cool 
the gas down before reaching the gas analyzer. This was done to prevent damage to the gas 
analyzer. The sample gas also went through a series of filters consisting of a disposable inline 
particulate filter (Whatman PTFE 0.2 µm) and a drying column filled with Drierite (Calcium 
Sulfate) desiccants (Fig. 13 and 14). The particulate filter, shown in Fig. 13, was used to 
collect soot for further analysis with a scanning electron microscope (SEM). 
 
 
Figure 13 - Whatman Inline Filter 
 
The Drierite used had a small amount of cobalt chloride in it. The cobalt chloride is an 
indicator used to detect the presence of moisture. When the Drierite turns from blue to pink, 
it indicates that the Drierite has reached saturation point and new Drierite is needed (Fig. 14). 
 
Figure 14 – Drierite with indicator that turns from blue to pink when saturated with water 
 
Gas Analyzer 
 
The gas analyzer used was a SERVOMEX 4200 Industrial Gas Analyzer. This gas analyzer is 
capable of analyzing 0 – 25% O2, 0 – 2.5% CO2, 0 – 1% CO. The oxygen concentration is 
measured by a paramagnetic sensor. Carbon dioxide and carbon monoxide concentrations are 
measured by nondispersive infrared (NDIR) sensors. A paramagnetic sensor relies on the 
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oxygen’s paramagnetic property for measurement. The paramagnetic property of oxygen 
causes small oscillation movement of the sensor inside the measurement cell. This leads to 
slight fluctuations in the output data. With the NDIR sensors, there are fewer fluctuations 
because infrared sensors are used. The NDIR sensors measure the concentrations of CO2 and 
CO by passing infrared beam of fixed wavelength through a chamber of the gas being 
measured. Each gas requires its own measurement chamber and specific infrared wavelength. 
The CO2 or CO will absorb the infrared beam and a photodiode is used to measure the beam 
intensity at the opposite end. A decrease in beam intensity across the measurement chamber 
corresponds to higher concentration of CO2 or CO. 
 
Figure 15 - Gas Analyzer Front Panel 
There is one dedicated inlet for each of the gas analyzed. Therefore, the sample gas was split 
into 3 different sampling lines using a union cross compression fitting. To prevent damage to 
the gas analyzer, 3 rotameters were used to control the each inlet flow rate at approximately 
200 mL/min as recommended by the gas analyzer manufacturer. The gas analyzer is capable 
of providing 3 differential voltage outputs, one for each gas analyzed. A calibration of the gas 
analyzer was required for each day of testing. To calibrate the gas analyzer, two calibration 
gases were used for zero and span calibrations.  
 
For zero calibration (low calibration), the calibration gas used was 99.99% Nitrogen. The 
zero calibration gas was connected to the gas analyzer inlets. After the regulator has been 
opened and the gas concentration values for O2, CO2, and CO on the screen of the gas 
analyzer unit has stabilized, the buttons on the front panel were used to navigate the gas 
analyzer system and calibrate the zero point of each gas (Fig. 15). After the gas analyzer 
screen showed 0% readings for all gases, the DAQ system then records all differential 
voltage outputs for approximately 30 seconds. The regulator on the zero calibration gas bottle 
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is then turned off and the procedure is repeated for span calibration using the second 
calibration gas which has the following composition: 20.95% O2, 2.5% CO2, 1.0% CO and 
balance N2. 
 
The differential voltage data recorded by the DAQ during this calibration process is then used 
to find the equations to convert the differential voltage output to percent concentration for 
each individual gas. 
 
Gas Analyzer Time Delay 
 
In a system where there is gas sampling tubing used, a gas analyzer time delay is needed. 
Since in most application, the flow measurement is instantaneous whereas the emission gas 
has to travel through the sampling line before reaching the gas analyzer. The time delay can 
be calculated as the time difference between the time it takes the gas analyzer value to reach 
50% of its ultimate deflection and the time it takes the temperature in the sampling hood to 
reach 50% of its ultimate deflection [2].  
 
Data Acquisition 
 
National Instrument (NI) cDAQ NI-9205 in conjunction with LabVIEW SignalExpress 
software were used for data acquisition at a sampling rate of 1 Hz. The NI cDAQ NI-9205 is 
cable of measuring 0 – ±10V  (Fig. 16). 
 
Figure 16 - National Instrument cDAQ NI-9205 
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Intermediate-scale Experiment Results and Analysis 
Products of combustion in the form of CO and CO2 as well as O2 in the plume were sampled. 
Soot was also collected in the filter and analyzed using a scanning electron microscope. As 
the fire increased intensity, more oxygen was consumed. This led to a reduction in oxygen 
concentration and an increase in carbon dioxide concentration. Carbon monoxide production 
is the result of incomplete combustion. Similar to work done by Tsuchiya [17], the ratio of 
CO/CO2 is used to analyze the efficiency of the combustion process.  
 
 
Figure 17 – Oxygen concentration in the emission plume of 70-cm pool fire with different 
configurations of Flame ReFluxer™ used to enhance the burning rate 
Figure 17 shows the oxygen concentrations from all the experiments conducted. It shows that 
in the case with the 24-coils configuration, the oxygen consumption (OC) is greatest. In this 
case, the mass loss rate data recorded was also the highest of all the experiments. In addition 
to OC, Figure 18 shows higher carbon dioxide generation (CDG) in the 24-coils case than the 
baseline case. The two methods show good agreement that the 24-coils case has higher heat 
release rate than the baseline case. 
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Figure 18 - Carbon dioxide concentration in the emission plume of 70-cm pool fire with 
different configurations of Flame ReFluxer™ used to enhance the burning rate 
Although, Fig. 14 shows that in most cases, except for the baseline, the carbon dioxide 
concentration is approximately the same. However, this does not directly correspond all the 
cases having the same heat release rates. Figure 19 shows the carbon monoxide, a product of 
combustion inefficiency, concentrations from all the experiments. It can be seen that although 
the 24-coils and 16-coils cases produced similar concentration of carbon dioxide, their 
efficiencies are different. The 24-coils case produced a peak carbon monoxide concentration 
of approximately 0.03%, which is less than the peak concentration of 0.04% produced in the 
16-coils case. 
 
 
Figure 19 - Carbon monoxide concentration in the emission plume of 70-cm pool fire with 
different configurations of Flame ReFluxer™ used to enhance the burning rate 
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In Fig. 20, normalized graphs of the percent CO production per percent CO2 production are 
shown. Although the ratio of CO/CO2 decreases overtime in the baseline case, the graph 
shows there is much greater combustion inefficiency in the baseline case compared to the 24-
coils case. This is due to the fact that the Flame ReFluxer™ enhanced the heat transfer from 
the flame to the fuel and helped evenly distribute the heat, which led to more complete 
combustion. 
 
Figure 20 - CO/CO2 ratio in the emission plume of 70-cm pool fire with different 
configurations of Flame ReFluxer™ used to enhance the burning rate 
In addition to the data shown in Fig. 20, the particulate filters in the gas sampling system also 
yielded results that show the difference between combustion efficiency in the 24-coils and 
baseline cases. Figure 21 shows the pictures obtained from a scanning electron microscope 
(SEM). 
 
Figure 21 - Images from a scanning electron microscope (SEM) of particulates captured by 
the filters in (a) 24-coils case and (b) baseline case 
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Figure 21 (a) and (b) show soot deposition on the particulate filter over relatively the same 
area; 10.7 mm. in width for the 24-coils case and 10.5 mm. in width for the baseline case. In 
the 24-coils case there are areas in which there are no soot deposition. In the baseline case 
however, it can be seen that there is even distribution of soot in the entire area. This shows 
that in the case where 24-coils Flame ReFluxer™ was used, there was less soot production 
than in the baseline case. As soot is a product of incomplete combustion, it shows that the gas 
sampling system was able to not only show OC and CDG, but can also be used to compare 
combustion efficiency in different fires. 
 
 
Difficulties Encountered in Intermediate-scale Experiments 
During the intermediate-scale test with 70-cm. crude oil pool fires, some difficulties were 
encountered. The relief holes that were drilled on top of the sampling hood were not large 
enough to provide passage for the combustion gases to flow through the hood. This caused 
small amount of combustion gases to accumulate inside of the sampling hood. Furthermore, 
the sampling hood oscillated side to side due to buoyant force exerted on the sampling hood 
by the hot combustion gases. Also, the design of the sampling hood did not allow for use of a 
pressure probe. Therefore it was not possible to obtain flow measurement of the gases 
traveling through the system. 
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Chapter 3: Large-scale Experiments 
 
Large-scale Experiments 
 
Figure 22 – A satellite view of Little Sand Island in Mobile Bay, Alabama, where the Joint 
Maritime Test Facility is located. 
Two sets of large-scale experiments were conducted. The first set was conducted indoor at 
the UL Fire Protection Engineering Performance Laboratory at WPI. The second set was 
conducted at the Joint Maritime Test Facility (JMTF), an organizational element of the 
United States Coast Guard (USCG) Research and Development Center (RDC) and U.S. 
Navy’s Naval Research Laboratory (NRL), located on Little Sands Island, Mobile, Alabama, 
shown in Fig. 22. 
 
Outdoor Experimental Conditions 
 
Due to the location of the proposed outdoor experiments several parameters were added to 
design of the Outdoor Gas Emission Sampling (OGES) System. It was anticipated that in 
conditions where wind is present, the smoke plume would rise upward at an angle in the same 
direction as the wind (Fig. 23). Not only would the wind dictate the direction of the plume, 
but also the height. In low wind conditions, the plume would rise much higher than in 
conditions where high wind is present. 
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Figure 23 – the presence of wind causes the smoke plume to rise upward at an angle 
 
Outdoor Gas Emission Sampling (OGES) System Design 
After the conclusion of intermediate-scale experiments, an improved gas sampling and 
analysis system was designed for the large-scale experiments. Several improvements were 
made in order to give the system more capabilities whilst maintaining practicality in 
deployment. Another design constraint for the OGES system is that it must be modular in 
design, requiring minimal assembly at the test site. This is due to the fact that all fabrications 
must completed at WPI before shipping all the pre-assembled components to JMTF. 
 
With the anticipated outdoor conditions considered, a gas emission sampling system with a 
hood placed directly above the flame would not be as effective as it would normally be in a 
laboratory environment. A new solution, shown in Fig. 24, has been designed in order to 
sample the emission plume when it is traveling in a near-horizontal direction. 
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Figure 24 – the OGES is raised up to intercept and sample the smoke plume in a near-
horizontal orientation and sends the sample gas to a gas analyzer. Differential pressure and 
temperature data is used to determine the bulk mass flow of gases going through the OGES. 
 
The solution consists of a heavy-duty windsock mounted on a rigid frame (Fig. 25). This 
would allow the emission plume to travel through the windsock and prevent potential build-
up inside that could affect the gas sampling data. The rigid frame mount has a bearing that 
allows it to swivel when there is a change in the wind direction. A gas sampling ring, Type-K 
thermocouple, a differential pressure probe and transducer is mounted in order to obtain flow 
measurement through the windsock. The windsock has a fixed cross-section, which allows 
for the bulk mass flow rate through the system to be calculated. 
 
 
Figure 25 – Rigid frame and windsock sleeve used to create fixed cross-sectional area for 
bulk flow calculation and prevent smoke accumulation. 
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Tower Structure 
 
A 24-foot tower structure will act as the main support and track for the wheel assembly 
system, allowing for approximately 10 ft. adjustability (Fig. 26). The tower comprises of two 
12-ft sections connected by steel plates with heavy-duty nuts and bolts. Heavy-duty steel 
framing was used to provide structural support. The use of heavy-duty was selected to 
prevent oscillation of the structure previously seen in the intermediate-scale experiments. 
 
Figure 26 – The OGES tower is made 24-ft tall and allows for a 10-ft height adjustability of 
the rigid frame 
The wheel assembly system, which is connected to the rigid frame, can be adjusted to the 
appropriate height via a pulley system (Fig. 27).  
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Figure 27 - OGES Rigid Frame Attached to the Wheel Assembly System 
The rigid frame is connected to a 1/8 in. steel wire rope that is run through the pulley system. 
Two pulleys are used to ensure that there is enough clearance between itself and the structure. 
This system allows height adjustment to be made in order to ensure that the OGES system is 
inside of the emission plume. 
 
Differential Pressure Probe 
 
In order to obtain the mass flow rate inside of the OGES system, a differential pressure probe 
was added to the assembly. Bi-directional probe, a variation of a pitot tube, is the most 
common for this application [18]. However, since flow conditioning was not possible for the 
OGES system, an alternative to the bi-directional probe technique was needed in order to 
allow for low angular sensitivity of flow through the OGES system 
 
A hemispherical shell with two pressure ports was used to obtain flow measurement through 
the system [19]. The first port is for measurement of the pressure inside the shell and the 
second port, which is on the back of the shell, measures the static pressure inside of the 
OGES rigid frame (Fig. 28).  
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Figure 28 - Hemispherical Shell Pressure Probe (HSPP) with high/low pressure ports 
 
The flow velocity is given by 
 v =
2ΔP
ρ
k  , (10) 
where 
v = flow velocity (m s−1)
ΔP = differential pressure (Pa)
ρ = density of air (kg m−3)
k = calibration factor (--)
  
 
Another advantage of the hemispherical shell pressure probe (HSPP) is its performance in 
sooty environment [19]. Unlike bi-directional probe, the HSPP minimizes the possibility of 
blockage by small particles, which could cause errors in differential pressure readings.  
 
An Omega PX170-07DV Solid State Differential Pressure Transducer (DPT) was used to 
measure the differential pressure between the two pressure ports on the HSPP (Fig. 29). The 
DPT is powered by a 12 VDC power supply and outputs differential voltage for data 
acquisition. 
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Figure 29 - Omega PX170-07DV Solid State Differential Transducer 
 
The HSPP was fabricated by cutting a hollow spherical stainless steel ball in half. A hole was 
drilled at the top for the pressure port that measures the pressure inside the shell. Two straight 
tubes were welded to their respective locations, one inside the hole and another on the back 
of the HSPP. 
 
A calibration for the HSPP was conducted at the UL Fire Protection Engineering 
Performance Laboratory at WPI in order to find the calibration factor. The HSPP was placed 
inside the small duct of the Large Oxygen Depletion System (LODS) (Fig. 30).  
 
 
Figure 30 - HSPP placement inside the LODS duct for calibration using different flow rates 
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The flow velocity was controlled by the bypass damper, which is housed in the duct system. 
The calibration factor is given by 
k =
2ΔP
ρ
v  ,     (11) 
The differential pressure, ΔP , was obtained from the DPT on the HSPP. The density of air, 
ρ , is calculated based on the temperature of the air inside the duct, which was measured by a 
Type-K thermocouple. The flow velocity, v , was measured by a hot-wire anemometer. Data 
were collected for different flow velocities. Table 1 shows the results of the calibration. 
Table 1 - High Flow Calibration Results 
Velocity	
[m/s]	
Temperature	
[°C]	
Calculated	
Velocity	
[m/s]	
Percent	Error	
[%]	
5.6	 12.7	 6.11	 9.17	
5.7	 12.7	 6.05	 6.12	
6.1	 12.7	 6.08	 -0.25	
6.7	 12.8	 6.67	 -0.51	
7.4	 12.7	 7.15	 -3.41	
 
The average of the calibration factors at different flow velocities, k = 2.38 , was obtained. 
This value for the calibration factor was then evaluated against low flow conditions. A low 
flow wind tunnel was built for calibration (Fig. 31). 
 
Figure 31 - Wind tunnel equipped with adjustable fan and flow conditioner used for low  flow 
calibration of the hemispherical shell pressure probe (HSPP) 
The flow speed was adjusted using the fan. The air passes throw a flow conditioner before 
reaching the HSPP. Differential pressure data was measured and used to calculate the flow 
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velocity. Table 2 shows the accuracy of the calibration factor when applied to readings 
obtained in low flow conditions. 
Table 2 - Low Flow Calibration Results 
 
 
The results in Table 1 and Table 2 show acceptable accuracy, (±10% ), of the calibration 
factor when used to calculate the flow velocity. The HSPP’s ability to measure both low and 
high flow rates shows that it is suitable for use in outdoor conditions where wind speed may 
suddenly increase or decrease without needing modifications. 
 
Gas Sampling System 
 
The gas sampling ring was adapted from the standard cone calorimeter. The size of the gas 
sampling ring per ASTM E1354 has a diameter of 4.5 in. The gas sampling system consists 
of a sampling ring, filters, sampling pump and gas analyzer. To sample gas emission from the 
fires, a copper tubing is bent to form a circle with 8 in. diameter. Several holes were drilled 
on one side of the sampling ring to allow for combustion gases entry into the sampling line. 
A tee compression fitting joins the two open ends and the sampling line (Fig. 32). 
Velocity	
[m/s]	
Temperature	
[°C]	
Calculated	
Velocity	
[m/s]	
Percent	
Error	[%]	
0.73	 20	 0.71	 -2.74	
0.94	 20	 0.94	 0.21	
1.2	 20	 1.12	 -6.84	
1.36	 20	 1.29	 -5.07	
1.57	 20	 1.44	 -8.13	
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Figure 32 – Metal gas sampling ring with holes drilled to create gas sampling ports 
 
The first portion of the sampling line is made of straight copper tubing. This copper tubing is 
designed to help dissipate heat from the hot sample gas. After the straight copper tubing, 
PVC clear tubing was used for the rest of the sampling line downstream. The use of PVC 
tubing allowed for flexibility in sampling line placement, which was crucial in the field 
deployment phase of the experiment.  
 
The rest of the gas sampling system used was similar to that of the intermediate scale. A 
diaphragm pump was used to pump the gas through the sampling system. A disposable inline 
filter (Whatman PTFE 5 µm) was used in order to filter out particulates in the sample gas. 
 
A column of Drierite was also used to remove moisture from the sample gas. The gas 
analyzer used for the OGES system was the same as the one used in the intermediate scale 
test (SERVOMEX 4200 Industrial Gas Analyzer). Due to the length of the sampling line, a 
cold trap was not utilized because the temperature of the sample gas when it reached the gas 
analyzer was not high enough to cause damage to the sensors inside of the gas analyzer. The 
same calibration gases and procedure were used for calibration of the gas analyzer in the 
large-scale experiments. 
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Assembly 
 
The sampling ring was mounted inside of the rigid frame on the OGES system. The sampling 
ports that on the sampling ring were oriented to face downstream of the flow through the 
OGES system. This was done to minimize soot from entering the sampling line and possibly 
cause unwanted blockage. Also, by having the sampling ports face downstream, the sample 
gas flow rate is determined by the capacity of the sampling pump and not affected by the air 
velocity passing through the OGES system. The HSPP was mounted in the center of the 
sampling ring (Fig. 33). A Type-K thermocouple was mounted near the pressure probe, 
inside the rigid frame. 
 
 
Figure 33 – HSPP and sampling ring suspended at the center of the rigid frame through 
which the emission gases will travel Outdoor Gas Emission Sampling System Laboratory 
Experiment Setup 
Prior to the field deployment, the OGES system, excluding the structural support, was tested 
in the UL Fire Protection Engineering Performance Laboratory at WPI. The rigid frame, 
along with the instrumentations, was inserted into the large sampling duct of the LODS (Fig. 
34).  
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Figure 34 - OGES system placement inside the LODS exhaust duct for large-scale 
experiments using 1.2 m gasoline pool fires 
The sampling line was run from the LODS duct down to the ground, approximately 25 ft. 
below. The filters, Drierite column, sampling pump, gas analyzer and DAQ system were 
placed on the ground to reflect similar anticipated experiment setup in the outdoor 
experiments at JMTF on Little Sand Island, Mobile, AL. 
 
A 1.2 m. gasoline pool fire was used for these tests (Fig. 35). Three tests were conducted and 
flow velocity, exhaust temperature, O2, CO2 and CO data were recorded by a DAQ system, 
sampling at 1 Hz, for further analysis. A load cell was also placed underneath the pool fire 
and reading from the load cell is recorded at 10 seconds interval.  
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Figure 35 -1.2 m. gasoline pool fires after ignition 
 
 
Large-scale Experiments Results and Analysis 
In the large-scale experiments, the following data were measured and recorded: temperature, 
differential pressure, O2, CO2, CO concentrations are measured. Both the OC and CDG 
techniques were used for heat release rate analysis. 
 
Since the OGES uses a column of Drierite to remove the moisture from the sample gas, the 
mass flow rate for individual gas species becomes 
 
 
!mi = !me
Mi
Me
(1− XH2O )XiA  , (12) 
where 
i =O2,CO2,CO
XH2O = mole fraction of H2O in incoming air (--)
Me = molar mass of exhaust gas (kg kmol−1)
 
 
The mole fraction of H2O in the incoming air is given by 
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 XH2O =
RH
100
ps (T∞ )
p∞
 , (13) 
 
 
where 
RH = relative humidity (%)
ps (T∞ ) = saturation of water vapor at T∞(Pa)
T∞ = ambient temperature (K)
p∞ = ambient pressure (Pa)
 
It can be assumed that Me ≈ Ma , Ma  is given by 
 Ma = Mdry(1− XH2O )+MH2O (XH2O )  , (14) 
 
where 
   
Ma = molar mass of incoming air (kg kmol−1)
Mdry = molar mass of dry air (kg mol−1)
MH2O = molar mass of H2O (kg mol−1)
  
 
Eqn. (7) and (12) can be combined and form 
 
 
!Qoc = EO2 !me
MO2
Me
(XO2 (1− XH2O )
⎡
⎣
⎢
⎤
⎦
⎥ − (EO2CO − EO2 )
MO2
2MCO
!me
MCO
Me
(XCO (1− XH2O )
⎡
⎣
⎢
⎤
⎦
⎥
,
 (15)  
 
For CDG, Eqn. (9) and (12) can be combined to form 
 
 
!QCDG = ECO2 !me
MCO2
Me
((XCO2 − XCO20 )(1− XH2O )
⎡
⎣
⎢
⎤
⎦
⎥ + ECO )
MO2
2MCO
!me
MCO
Me
(XCO (1− XH2O )
⎡
⎣
⎢
⎤
⎦
⎥
,(16)
 
The new equations, compensated for moisture removal from the sample gas, were then used 
to calculate the heat release rates from the gasoline pool fire. 
 
Indoor Laboratory Experimental Results 
 
Figure 36 shows the heat release rates obtained from pool fire tests with the OGES. Three 
methods were used to calculate the heat release rate of each test: OC, CDG and mechanical 
(mass loss rate). Eqn. 1 was used to determine the heat release rate from the mass loss rate of 
the pool fire. Eqn. 15 and 16 were used for the OC and CDG methods, respectively. 
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Figure 36 - Calculated HRR from 3 tests of 1.2 m. gasoline pool fires using oxygen 
consumption, carbon dioxide generation and mass loss rate methods. 
 
The graphs show good agreement between the three methods used for analysis. However, the 
results calculated by the OC and CDG methods show high fluctuations. This is due to the 
fluctuations of the differential pressure transducer. By using 5-point moving average of the 
differential pressure data, the fluctuations are reduced and shown in Figure 37  
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Figure 37 - Average HRR from 3 tests of 1.2 m. gasoline pool fires using oxygen 
consumption, carbon dioxide generation and mass loss rate methods. 
 
The averaged OC and CDG heat release rate graphs show good agreement with the 
mass loss rate heat release rate curve, which was not affected by the fluctuations in the 
recorded bulk flow data. The peak heat release rate results from the indoor large-scale 
tests using different methods are shown in Table 3. 
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Table 3 - Calculated Peak Heat Release Rate using Different Methods 
Peak HRR OC CDG MLR 
Test 1 10,528 kW 9,623 kW 11,750 kW 
Test 2 12,876 kW 12,290 kW 15,980 kW 
Test 3 10,918 kW 9,871 kW 12,220 kW 
 
Outdoor Experimental Results  
On March 13th - 16th, 2017, large-scale experiments were conducted at JMTF, Little Sand 
Island, Mobile, AL as part of a research project to evaluate the enhancement of using 
ReFluxer™ technology to enhance combustion of crude oil on water. The OGES system was 
mounted on a 25-ft. tall structure. The base of the tower was placed on a pallet to allow it to 
be moved by a rough terrain forklift (Fig. 38). 
 
Figure 38 - OGES Tower on a Pallet 
Wind was predicted to blow from the North end of the JMTF Test Pan. The OGES tower 
along with the sampling system and gas analyzer were placed at the South end of the test pan. 
The data output wires were run from the OGES System to the PXI Data Acquisition unit that 
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was placed on the West side of the test pan (Fig. 39). 225 ft. of steel wire rope was used for 
manual control of the OGES rigid frame height. 
 
Figure 39 – Satellite view of the Joint Maritime Test Facility showing the test pan and DAQ 
and OGES locations. 
 
Field Deployment 
 
In the field deployment phase, wind conditions were often changing and difficult to 
anticipate. The OGES system was not able to continuously sample combustion gas emitted 
from the 1.4 m. crude oil pool fire in the test pan (Fig. 40).  
 
Figure 40 – changing wind condition affected the OGES sampling. (a) shows the emission 
plume going through the OGES and moments later (b) shows the plume traveling in a 
different direction due to changed wind direction 
Temperature data recorded by the Type-K thermocouple positioned inside of the rigid frame 
was used to determine the period of time when the emission gas travelled through the OGES 
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system. The time when the emission gas traveled through the OGES system was determined 
by temperature increase above ambient. Figure 41 shows the temperature data and range of 
time when the OGES was able to sample the emission gas. 
 
Figure 41 – the time window when significant amount of emission plume travels through 
OGES is identified as t = 295 s to t = 925 s 
With the time window determined to be from t = 295 seconds to 925 seconds, the heat release 
from the pool fire was calculated. The CDG technique was chosen for the heat release rate 
calculation due to the fact that in outdoor conditions, there is entrainment and mixing of the 
atmospheric oxygen and the emission plume. The relative humidity data was provided a RAE 
Systems AreaRAE Pro detector, which was monitored by the United States Coast Guard Gulf 
Strike Team. The heat release rate of the fire from t = 295 seconds to 925 seconds is shown in 
Fig. 42. 
 
Figure 42 – calculated heat release rates using the CDG method and the theoretical heat 
release rate 
A regression rate for liquid pool fire, shown in Fig. 43, is used to calculate the mass loss rate 
of the fuel [20]. A peak heat release rate is calculated using Equation 1.  
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Figure 43 – Fuel regression rate in diffusion pool fires of different fuels as a function of the 
pool diameter 
 
The calculated peak release rate using the mass loss rate is 1,050 kW. The peak heat release 
rate calculated using the CDG technique is 891 kW which is ~18% under prediction. In this 
case, several factors affected the heat release rate calculation. One of the major reasons for 
the underprediction is the location of the CO measurement and the initial hypothesis 
explained earlier. However, given the simplicity of the OGES an 18% error is fairly 
reasonable especially when nothing better exists for field deployment in large scale testing 
currently.  the large amount of soot produced by the combustion process was also not taken 
into account in the calculation and maybe another factor in the measurement accuracy. 
Similar to the cone calorimeter, a He-Ne laser can be incorporated in the OGES system for 
future work. 
 
Comparison of the temperature data and heat release rate data in the time window of interest 
shows that there were occasions when the emission gas did not or only partially traveled 
through the OGES system (Fig. 41). Figure 44 shows the corresponding trend between the 
calculated heat release rate and fluctuations in temperature measured inside the OGES 
system. Temperature increases when the hot gas from the emission plume enters the OGES 
system and decreases when only atmospheric air is traveling through. 
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Figure 44 – Comparisons of the temperature inside the OGES within the time window and 
calculated HRR 
Figure 44 showsthat when the temperature measured inside the OGES increases, indicating 
emission plume passing through the system, the calculated HRR values also increases. When 
there is a temporary drop in the temperature, indicating that the emission plume is not passing 
through the system, the calculated HRR values decreases. In this period, the system is now 
sampling more fresh air, which has less concentration of carbon dioxide, leading to lower 
calculated HRR.  
 
Difficulties Encountered in Large-scale Experiments  
In the large-scale experiments difficulties were encountered especially in the field 
deployment phase of the experiments. Due to unpredictable wind conditions, the OGES 
system was unable to continuously sample the emission gas. Another difficulty encountered 
was the fluctuation in the differential pressure data, which resulted in fluctuations in heat 
release rate calculations. The design of the OGES tower presented a challenge due to its 
weight. The OGES needed heavy machinery in order to be repositioned. 
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Chapter 4: Conclusion and Future Work 
 
Current available methods of gas sampling and calorimetry are predominantly only suitable 
for laboratory environment. This introduces restraints on fire research that require outdoors 
condition or large scale in order to be as realistic as possible. Based on the intermediate and 
large-scale experiments, it is shown that the OGES system is a viable solution for outdoor gas 
emission sampling and calorimetry, where the emission plume rises upward at an angle due 
to the presence of wind.  
 
The intermediate-scale experiment successfully evaluated that it is possible to use a smaller 
control volume to measure gas concentrations. It has shown that oxygen depletion, carbon 
dioxide and carbon monoxide generation can be detected even if only a fraction of the plume 
is sampled. 
 
The large-scale indoor experiments showed that a flexible hood design is capable of 
producing heat release rate results that are comparable to within ±23%  of the heat release 
rates calculated by mass loss calorimetry. The flexible hood design allows unobstructed path 
for the emission gas to travel through, which helps prevent gas accumulation in the sampling 
area. With this design, there is no need for a large and expensive fan and ductwork to help 
remove the emission gas. 
 
The OGES system requires measurements of temperature, mass flow rate, O2, CO2, and CO 
concentrations to be taken in order to obtain heat release rate results. This is relatively simple 
and should help make quantification of realistic outdoor fire research such as in-situ burning, 
large structural fire and wildland fire research more viable.  
 
The scope of this study was to design, construct and test a prototype system that can be used 
for gas sampling and calorimetry in outdoor conditions with wind. The two main questions 
have been answered. It is possible to use a flexible hood design and smaller control volume to 
measure gas concentrations for quantification of the heat release rates of fires 
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Future Work 
While the objectives of this study have been successfully met, future work into improvements 
of the OGES system is recommended. To ensure that the OGES system is able to collect 
continuous data, an array of OGES towers should be used. Soot measurement capability can 
also be added in order to provide soot yield data and more accurate heat release rate results. 
The gas sampling delay time should be pre-calibrated for the length of tubing used in the 
OGES system. 
 
The results of this study shows that the OGES has potential as a method for gas sampling and 
calorimetry in outdoor conditions with wind. Therefore, it is recommended that further 
research are conducted to answer the following questions: 
• Where is the optimal placement of the OGES inside the plume? 
• What effect does the size of the smaller control volume have on heat release rate 
quantification? 
• Would smaller control volume be more appropriate for use in emission plume where 
there is high mixing of emission plume and atmospheric air? 
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